WITH THE ESTABLISHMENT of misonidazole (MISO) as a potent hypoxic radiosensitizer in experimental systems (Adams et al., 1979b; Denekamp et al., 1982; Fowler et al., 1976; Overgaard, 1980a) , and the apparent ability to improve the radiation response in some human tumours (Dische et al., 1979; Kogelnik, 1980; Overgaard et al., 1982; Phillips et al., 1981) , an increased effort has been made to discover other compounds with better hypoxic radiosensitizing abilities but less clinical toxicity. Extensive use of MISO in clinical trials has revealed a doselimiting peripheral neuropathy which has prevented the drug being given in sufficient doses (Dische et al., 1979;  Kogelnik, 1980; Phillips et al., 1981) . In several clinical studies a dose reduction has been necessary (Fazekas et al., 1981; Overgaard et al., 1982) , and the current tolerance of MISO is in the order of 11-12 g/m2 when given over a 4-week period (Dische et al., 1979;  Kogelnik, 1980; Fazekas et al., 1981; Overgaard et al., 1982; Phillips et al., 1981) .
The development of new and more potent sensitizers has focused on drugs which are expected to be less toxic (e.g. with reduced lipophilicity and/or reduced half-life) or on drugs with better hypoxic radiosensitizing abilities (Adams et al., 1979a, b; Brown & Lee, 1980; Brown & Workman, 1980; Dische et al., 1980;  Correspondence to: Dr J. Overgaar(l, The Instituite of Cancer Research, Radiumstationen, Norrebrogade 44, DK-8000 Aarhus C, Denmark. Workman et al., 1980; Workman & Brown, 1981 The search for drugs with less clinical toxicity has revealed several unexpected problems. Thus, the anticipated reduction in toxicity for drugs with shorter half-lives has not been confirmed, suggesting that the mechanism is likely to be more complex than originally expected (Coleman et al., 1982; Dische et al., 1980 Dische et al., , 1982 . Also the toxicological testing of new compounds has shown that results from cell cultures and rodents do not always correlate with experience gained in larger animals and man. Although some of the differences can be explained by different pharmacokinetic parameters, and others can be eliminated by the use of a more elaborate experimental design (Conroy et at., 1982) , it still may be difficult to predict the clinical toxicity on the basis of the relatively inexpensive in vitro or in vivo animal studies (Adams et al., 1979b; Brown et al., 1979; Workman & Brown, 1981) .
Rather than concentrating solely on producing new compounds with better hypoxic radiosensitizing abilities, it may be profitable to re-evaluate some of the nitroimidazoles already used in clinical practice since these are well known with regard to human toxicity. This group of drugs are mainly anti-trichomonal agents of which metronidazole (Flagyl) was the first to be tested as a hypoxic radiosensitizer (Fowler et al., 1976; Karim, 1978; Urtasun et al., 1975) , but which has a sensitizing ability which is probably too low for widespread clinical utility. Another similar drug with a toxicity apparently equal to or less than metronidazole (Farmitalia, Carlo Erba, unpublished results) is nimorazole (1-(N-3-ethylmorpholine)-5-nitro-imidazole), which is also widely used as an anti-microbial agent (Overgaard et al., 1983) . Although sporadically tested as a hypoxic radiosensitizer and found to be more potent than metronidazole (Adams et al., 1979b; Denekamp et al., 1982) , relatively little attention has been paid to this drug. However, with its apparently low clinical toxicity together with its potential hypoxic radiosensitizing ability we have elected to reassess nimorazole as a hypoxic radiosensitizer in an animal tumour system, and to compare the results with those obtained with MISO (Overgaard, 1980a) .
MATERIALS AND METHODS
Animal tumour system.-The animal tumour system has been previously described in detail (Overgaard, 1980a, b Irradiation.-Tumours were treated with graded doses of radiation to produce doseresponse data. The treatment was given with a Muller clinical X-ray machine at a dose rate of 1 9 Gy/min (factors: 250 kV, 15 mA, 2 mm Al filtration, 1 1 mm CuHVL, SSD 40 cm).
Unanaesthetized animals were placed in a lucite jig with the tumour-bearing leg closely fixed with tape but without impairing the blood flow to the foot. Radiation was given to tumours immersed in a water bath at room temperature, to secure the homogeneity of the radiation dose. The remaining part of the animal was shielded with lead. Dosimetry was performed with a Dosimentor SN4 dosimeter.
Evaluation of results.-The animals were followed for up to 120 days after treatment.
The response to treatment was measured as the radiation dose which would on average be expected to control 50% of the treated tumours (TCD5o) at 120 days. The TCD50 values were calculated by logit analysis (Suit et al., 1965 ) from assays containing 40-70 animals allocated into 5-8 dose groups.
The effect on the radiation response of any additional treatment was calculated as the "enhancement ratio" (ER) which is the radiation dose required to obtain a given end point (TCD5o) with radiation alone relative to the radiation dose needed to obtain the same response with the combined treatment LD50 determination was based on the acute lethality within 2 days in experiments where graded single doses of drugs were given to groups of animals.
Measurement of drug concentrations.-Blood samples were obtained by open-heart puncture after killing the mice by cervical dislocation, Plasma concentrations were measured by reversed-phase high-pressure liquid chromatography (HPLC) (Overgaard et al., 1983) by injecting 25 ,lI of the sample in a nucleosil 10 Fm C18 column at a flow of 2 ml/min.
Nimorazole was analysed using 60%/ methanol in a 20mM phosphate buffer, pH 6-5, as mobile phase and phenytoin as internal standard. MISO was determined with 25% methanol in water as mobile phase and with RO-07-0269 as internal standard. The UV absorption was measured at 313 nm.
Tumour concentrations were measured in specimens removed and weighed in toto. A known amount of internal standard was added together with methanol to a 5-fold increase in volume. After mixing with a rotating knife, the sample was centrifuged at 3000 g for 10 min. The supernatant was removed and the solvent evaporated at 37°C under a stream of dry nitrogen. The dried residue was redissolved in 500 ,lI methanol and estimated similar to the plasma samples. Untreated tumours to which a known amount of drug was added showed that during this procedure the recovery of sensitizer was > 90%. All plasma and tumour measurements were performed in duplicate.
RESULTS

Acute toxicity
The acute toxicity measured as the LD50 was found to be 1P8 mg/g for MISO and 1 6 mg/g for nimorazole (Table I) . Thus the latter seems to be a slightly more toxic substance in this strain of mice. Animals surviving 2 days appeared healthy and showed no later behaviour which could be attributed to toxicity. No sex variation was observed for any of the drugs.
Sensitizing effect
The relationship between sensitizing effect and given dose of the 2 drugs was first studied in a single-treatment schedule in which the drugs were given 30 min before irradiation. and, in the high dose range 0-1-0 3 mg/g, the drugs seem to be equal in sensitizing ability.
Since the difference in dose-response relationship could be a consequence of different pharmacokinetics, the plasma and tumour concentration were measured at the time of irradiation (i.e. 30 min after administration). As shown in Fig. 2 , both drugs had a well-defined dose-response relationship between plasma and tumour concentration and given dose. Furthermore, these values seemed to be equal for the 2 drugs. Thus, the lack of doseresponse relationship could not be explained as a function of different drug distribution and, as shown in Fig. 3 , the difference in dose-response relationship between MISO and nimorazole was also observed when the ERs were plotted against tumour drug concentration. Again, low values of both drugs seemed to give similar ERs, whereas after larger doses MISO exhibited a significantly higher degree of sensitization than nimorazole.
In order to make the experimental observations more relevant to clinical treatment, the effect of fractionated treat- ment was studied by giving 5 fractions of irradiation at daily intervals with drug doses of 0 3 mg/g 30 min before each radiation fraction. Such treatment gave almost identical enhancement values for both drugs indicating that also after fractionated treatment the effect of the 2 sensitizers appears to be similar when relatively small drug doses are used (Table III) .
Drug cytotoxicity
Finally, the potential hypoxic cell Table IV , none of the drugs given in single doses of 1 mg/g was able significantly to alter the TCD50 values when compared to irradiation alone. An important drug cytotoxicity against hypoxic tumour cells seems therefore not to occur after such treatment in the present tumour system.
I)ISCUSSION
The present study has shown that nimorazole enhances the radiation response in an experimental mammary carcinoma but with an unusual lack of dose-response relationship over a wide dose range. This contrasts with MISO, which has a relatively steep dose-response relationship with ERs in the same range as those observed in similar or other tumour models (Denekamp et al., 1982; Fowler et al., 1976) . This lack of dose-response relationship may be the reason why nimorazole has not previously been regarded as a hypoxic sensitizer with clinical potential. However, in the dose range which is relevant to clinical treatment schedules (. 0 3 mg/g per fraction, depending on fractionation scheme) nimorazole produces the same enhancement as MISO. The difference between the 2 drugs is only significant at high concentrations, but these have little interest for clinical radiotherapy since the doses required cannot be achieved in humans without excessive toxicity. The flat dose-response curve may also explain why nimorazole has not been considered to be an effective sensitizer, since a common in vitro screening procedure is to establish the dose required to produce an ER of 1 6 (Adams et al., 1979b) . A similar plateau of the dose-response curve observed in the present study has also been reported using V79 cells in vitro (Adams et al., 1979a; Midander & Littbrand, submitted for publication) .
The difference in dose-response relationship could not be explained by different tumour drug concentrations, although the 2 drugs differ in pharmacokinetics and in lipophilicity. MISO is less lipophilic and has a shorter half-life in mice than nimorazole. However, neither the difference in lipophilicity nor in half-life seems to influence the tumour/plasma ratio in mice Workman & Brown, 1981) . The difference in lipophilicity means a greater metabolic degradation of nimorazole (Giraldi et al., 1971) , whereas MISO is excreted to a higher degree unmetabolized in the urine . The possibility exists that the metabolism of nimorazole results in secondary products which may also act as hypoxic radiosensitizers and that these in turn may contribute to the overall ER. However, preliminary pharmacokinetic analyses of these products have shown that they are not present in significant amounts in either plasma or tumour at the time of irradiation.
Both the plasma concentration, the tumour/plasma ratio, the LD50 values and the ERs obtained with MISO are similar to those observed in other studies (Denekamp et al., 1982; Fowler et al., 1976; Rofstad & Brustad, 1978; . This indicates that the present experimental system is valid for this kind of experiment, and makes the results directly comparable with those of others.
The difference between the toxicity of the 2 drugs which is observed in different experimental systems is a typical example of the problems relating to toxicity evaluation of potential hypoxic radiosensitizers. Thus, nimorazole is probably (though not statistically) more toxic in mice with slightly smaller LD50 values. However, MISO has considerably more aerobic toxicity in V79 cells (Adams et al., 1979b) . Likewise, the LD50 values in rats are apparently smaller for MISO than for nimorazole (1680 and 3180 mg/kg respectively after oral administration). Furthermore, comparable data indicate that nimorazole has considerably less acute or chronic toxicity in dogs, and nimorazole seems to be even less toxic in dogs than metronidazole (Roche, unpub-lished data; Farmltalia, Carlo Erba, unpublished data) . In humans nimorazole has been given in doses up to 25 g in 10 days without causing peripheral neuropathy or other severe side effects (Overgaard et al., 1983) . Thus nimorazole seems to be considerably better tolerated than MISO, and on the basis of largeanimal toxicity it may be tolerated as well as metronidazole (Flagyl) which can be given in daily doses of 6 g/m2 and in total doses up to 100 g (Kapp et al., 1982; Karim, 1978; Urtasun et al., 1975) . Therefore it is likely that nimorazole could be given in normal radiation fractionation schedules in doses corresponding to those necessary to produce ERs of 1-4 in the present tumour after single-dose radiation in air.
Evidently nimorazole with its flat doseresponse curve does not promise a greater radiosensitizing effect than MISO, even when given in higher doses. However, if the lack of significant toxicity can be established, it might be a more acceptable drug with a better therapeutic ratio in clinical treatment. Further studies to explore the potential of nimorazole as a hypoxic radiosensitizer in clinical radiotherapy have therefore been started (Overgaard et al., 1983) .
